INTRODUCTION
============

MicroRNAs (miRNAs) are tiny, endogenously expressed non-protein coding RNAs (∼19--23 nt in length) that act as antisense RNA to regulate eukaryotic gene expression mainly at the post-transcriptional level. Given their ability to interact with a huge number of target mRNAs, microRNAs are recognized as key regulators of gene expression that play pivotal roles in a broad range of cellular and developmental processes ([@B1]).

The biogenesis of microRNAs is a complex process that requires the involvement of two members of the ribonuclease (RNase) III family, Drosha and Dicer, that act sequentially in the nucleus and in the cytoplasm, respectively ([@B2]). First, the primary transcripts (pri-miRNAs) are converted by the Drosha-DGCR8 complex (the so-called Microprocessor) into pre-miRNAs that fold into characteristic, ∼70-nt long, irregular hairpin-like structures. Through the exportin-5 pathway, pre-miRNAs are then exported to the cytoplasm where they are further processed by Dicer (complexed with TRBP), which excises, from one of the two arms of the pre-miRNA hairpin, the mature single-stranded miRNAs. Concomitantly with the final steps of processing, miRNAs incorporate into specific ribonucleoprotein (RNP) complexes (miRNPs or miRISC). Through their partial base-pairing with the 3′-UTRs of protein-coding mRNAs, they trigger gene silencing by preventing translation of targeted mRNAs and/or by accelerating their degradation ([@B3],[@B4]).

In mammals, the vast majority of miRNA genes (∼80%) are positioned within introns of longer primary transcripts that can be either protein coding or mRNA-like transcripts that are synthesized by RNA polymerase II (Pol-II) ([@B5; @B6; @B7; @B8]). Intergenic miRNA genes are independently transcribed from their own promoters whereas intronic microRNAs are transcribed with their host genes and are likely co-transcriptionally processed before the complete removal of the host intron ([@B6]). Interestingly, several pre-miRNAs (the so-called mirtrons) correspond precisely to the spliced-out intron and thus do not require the involvement of the Microprocessor ([@B9; @B10; @B11]).

The expression of many microRNA genes is tightly regulated in a developmental and/or tissue-specific manner and, as a consequence, mis-regulation of microRNAs is associated with many human diseases, notably in cancers ([@B12]). Thus, furthering our knowledge of miRNA transcription is of primary interest to fully describe miRNA-mediated gene regulation. However, despite the recent genome-wide identification of chromatin signatures that predict some miRNA gene transcriptional start sites and promoter regions ([@B13],[@B14]) and the characterization of several factors that activate or repress microRNA transcription ([@B15; @B16; @B17; @B18; @B19; @B20]), the transcriptional regulatory mechanisms governing the spatiotemporal expression pattern of the vast majority of mammalian miRNA gene loci remains largely unknown.

Interestingly, microRNA genes tend to be organized into clusters comprising different or related microRNA gene copies ([@B21]). Such operon-like gene structures are thought to allow co-expression of most, if not all, miRNA members belonging to a same cluster ([@B22]) and are very likely to have functional significance ([@B23]). The largest human miRNA gene cluster (also referred to as chromosome 19 miRNA cluster, C19MC), maps to chromosome 19q13.41 and extends over a ∼100-kb long region. It harbours 46 pre-miRNA genes that are mainly, if not exclusively, expressed in the placenta ([@B24]). Remarkably, most of C19MC microRNA genes are highly related to each other and are positioned within 400--700 bp repeated sequences bounded by *Alu* repeats (*Alus*). Borchert *et al*. ([@B25]) have proposed that upstream *Alus* provide Pol-III promoters that drive the expression of the downstream C19MC pre-miRNA genes. These would be the only examples of Pol-III transcribed miRNA genes, and thus if unique, would have a major impact on our understanding of the evolution and the expression of miRNA genes in mammals. Indeed, C19MC accounts for ∼8% of all known human microRNA genes (59 out of 695) and the fact that it is only found in the primate lineage strongly suggests that it is involved in body-plan innovation and/or phenotypic plasticity ([@B24],[@B26],[@B27]).

In this work, we re-examine microRNA gene organization and expression at C19MC and we demonstrate that C19MC microRNA genes are unlikely to be significantly expressed as Pol-III-dependent transcription units. Rather we privilege a model whereby C19MC microRNAs are processed from previously unidentified, Pol-II placenta-specific non-protein-coding transcripts.

MATERIALS AND METHODS
=====================

Unless otherwise noted, all techniques for cloning and manipulating nucleic acids were performed according to standard protocols.

Oligonucleotides, siRNAs
------------------------

DNA oligonucleotides and siRNAs were purchased from Sigma and Qiagen, respectively. The 5′-exon([@B1]): ttctctagaaatccagcccaattctcttgg; 3′-exon([@B1]): gttcacttgagttccag(c/t)acagggacacacagt; 5′-exon([@B2]): catcaggactgtgtgtttctgtg; 3′-exon([@B2]): tatattta accatgagaattgagc; 5′-exon([@B3]): cccccatgaggactgtgcgc; 3′-exon([@B3]): gagaacagcaatggactttgagctg; 3′-intron([@B1]) caaat(g/t)tattaccaagatcagc; 5′-intron([@B1]): tgcaatctttatttttgtgtccatttt. h2b-fd: gaccaaagcgcagaagaaag; h2b-rev:ggtcgagcgcttgttgtaat; 5.8S rRNA: tcctgcaattcacattaattctcgcagctagc; tRNA^Tyr^: atcgaaccagcgacctaaggat; pre-tRNA^Tyr^ (intron): ggatgtctcctgctgaggaagtagct; snaR-A: gacccatgtggaccaggctggcctcgaact; hsa-mir-515-5p: cagaaagtgctttctttggagaa; hsa-mir-519a: gtaacactctaaaaggatgcacttt; hsa-mir-515-3p: acgctccaa aagaaggcactc; hsa-mir517a: aacagtctaaagggatgcacgat; si-control: uucuccgaagcugucacgutt; si-DGCR8: auccguugaucucgaggaatt; si-Drosha: aaggaccaaguauucagc aag.

Cell culture, transient transfection and drug treatment
-------------------------------------------------------

JEG3 and HeLa cells were grown in DMEM (Gibco) supplemented with 10% fetal bovine serum and antibiotics. For RNA interference experiments, 10 × 10^6^ exponentially growing JEG3 cells were trypsinized, washed in PBS and suspended in 200 μl of Optimem (Gibco) before being electroporated at 270V/950 µFaraday (Biorad Genepulser Xcell) with 10 μl of siRNA (100 μM. Electroporated cells were then incubated 72 h before further analysis. RNA pol-II was inhibited by adding α-amanitine (\#A2263, Sigma-Aldrich) to the cell culture medium to a final concentration of 20 μg/ml. The steady-state level of the pre-miRNAs was evaluated by adding Actinomycine D (\#A1410, Sigma-Aldrich) to the cell culture medium to a final concentration of 5 μg/ml.

RNA isolation, RT--PCR, northern blot analysis and RNAse protection assay
-------------------------------------------------------------------------

Total RNA was prepared from cells using Trizol (Invitrogen) and treated with RQ1 DNase (Promega) and proteinase K (Sigma) before storage at −20°C in RNAse-free water. Human total RNAs were purchased from Ambion (The FirstChoice human total RNA survey panel, \#AM6000). For RT--PCR analysis, 10 μg of total RNA was reverse-transcribed (Superscript II RTase, Invitrogen) at 42°C for 2 h, using random hexamer primers or specific primers, and ∼1/10--1/20 of cDNA products were amplified by PCR (30 cycles with GoTaq polymerase, Promega). PCR products were then cloned into pGEM-Teasy (Promega) and sequenced. For northern blot analysis, 10 µg of total RNA was fractionated by electrophoresis on a 15% acrylamide/7 M urea denaturating gel. Electrotransfer was performed onto nylon membranes (BrightStar Plus membrane, Ambion), followed by UV light irradiation. Northern blot hybridization was carried out with 5′-32P-labeled-DNA oligonucleotide probes, with an overnight incubation at 50°C in 5× SSPE, 1%SDS, 5× Denhardt\'s, 150 μg/ml yeast tRNA. Membranes were washed twice with 0.1%SSPE, 0.1%SDS at room temperature before autoradiography. For RNAse protection assay (RPA), antisense pri-miRNA probes were prepared by *in vitro* transcription of linearized plasmids (template) with T7 RNA polymerase in the presence of α-\[^32^P\] CTP. 10 μg of total RNA was then incubated with excess antisense RNA probe (overnight, 50°C) and digested with a mixture of RNAse A and RNAse T1. The RNAse-protected fragments were resolved on a 6% acrylamide/7 M urea denaturating gel.

Chromatin immunoprecipitation
-----------------------------

HeLa or JEG3 cells were grown to 100% confluence and then processed as previously described ([@B28]). Briefly, cells were cross-linked 10 min in 1% formaldehyde before the reaction was stopped with 0.125 M of glycine. Cells were scrapped, centrifuged and the pellet was resuspended in cellular lysis buffer, then Dounce-homogenized, centrifuged again and resuspended in nuclear lysis buffer. Samples were sonicated and 200 μg of DNA were used for each immunoprecipitation. After saturation, cellular extract was incubated overnight at 4°C with 2 μg of either mouse IgM directed against RNA polymerase II phosphorylated on serine 5 (H14, Covance) or IgG anti-fibrillarin. Then, saturated protein A/G sepharose and IgG anti-mouse IgM (Sigma) were added and the incubation was continued for 2 h. The immunoprecipitate was subsequently centrifuged and washed. Beads and input were resuspended in TE buffer and treated with RNase A (0.05 µg/µl). Cross-link was reversed with 0.25% SDS overnight at 70°C. Samples were then treated with Proteinase K (0.25 µg/µl) and DNA fragments were purified by consecutive phenol/chloroform extractions followed by ethanol precipitation. Pellets were resuspended in 100 μl of ultra-pure water. For PCR, 5 μl of ChIP, GoTaq polymerase (Promega) and 28 cycles of amplification were used. PCR products were cloned using the pGEM T-easy kit (Promega) and individual clones were sequenced.

RESULTS
=======

C19MC miRNA genes are intron-encoded within a novel, primate-specific non-protein-coding RNA gene
-------------------------------------------------------------------------------------------------

To further characterize how C19MC microRNAs are generated, we searched for ESTs covering the 100-kb long C19MC cluster both in human and in monkey. We identified 58 ESTs in the human locus, 74% of them cloned from placenta and 7% from germ cells (not shown). Based on sequence analysis of BF773110, one of the very few spliced ESTs, we identified a 123-nt long, spliced exon that displays strong sequence similarity to 37 genomic segments of C19MC, most of which are regularly spaced upstream and downstream of pre-miRNA genes ([Figure 1](#F1){ref-type="fig"}A and B). The overall intron--exon genomic organization of many of these C19MC pre-miRNA genes appears to be well conserved among several primates including Rhesus, Chimpanzee, Marmoset, but apparently not in Bushbaby, nor in any other nonprimate genomes that we have analysed ([Figure 2](#F2){ref-type="fig"}A and data not shown), supporting the notion that C19MC has appeared recently ([@B24]), most likely in the common ancestor that leads to Haplorhini or Anthropoidea lineages ([@B27]). Figure 1.Revisiting microRNA gene organization at C19MC, the largest human microRNA gene cluster. (**A**) Schematic representation of the ∼100-kb long C19MC (HG18: 58 860 000--58 962 300) mapping at human chromosome 19q13.41. Pre-miRNA genes are symbolized as stem--loop structures. Repeated exons of C19MC-HG are indicated as grey boxes and *Alus* (as annotated at <http://genome.ucsc.edu>) are indicated by vertical bars, with green and red bars corresponding to the sense and antisense orientations relative to the pre-miRNA genes, respectively. Horizontal blue bars show miRNA gene loci that have been identified by RNA polymerase-II ChIP experiments described in [Figure 3](#F3){ref-type="fig"}A (the number of sequenced clones is indicated in brackets). (**B**) Sequence alignment of human exons 1--37. The multiple sequence alignment was generated with Multalin (<http://bioinfo.genopole-toulouse.prd.fr/multalin/cgi-bin/multalin.pl>) and conserved nucleotides were colored with GeneDoc (<http://www.Cris.com/~ketchup/genedoc.shtml>). Donor (5′SS) and acceptor (3′SS) splice sites are indicated. Asterisks indicate an alternative 5′SS found in a subset of spliced exons found in cDNA clones we sequenced (not shown). The position of primers 3′-exon([@B1]) and 5′-exon([@B1]) used in [Figure 2](#F2){ref-type="fig"}C are indicated on the top. An LTR sequence inserted in exon 29 has been deleted. Figure 2.Identification of a novel, placenta-specific and repeated exon-containing noncoding RNA gene. (**A**) Sequence alignment of the consensus, repeated non-protein-coding exons identified in several primate species. (**B**) Exon--intron organization at *P. anubis* C19MC identified by ESTs analysis. The genomic structure of the *P. anubis* locus (AC184009.2 *Papio* BAC clone) encoding ESTs FC114510 and FC115727 is shown with sequences similar to the human C19MC exon indicated in dark grey, while similar exons not spliced in these two ESTs are indicated in light grey. The two exons exapted from inverted *Alu* elements are in red and pre-miRNA sequences are symbolised as stem--loop structures. Note that the 3′ exon VII (black rectangle) is similar to five ESTs at the 3′-end of the human C19MC, three of them (BF508730, BQ024418, BQ024579) are polyadenylated. For clarity, only the two exapted *Alus* are shown. (**C**) Experimental detection of (a) novel, placenta-specific mRNA-like transcript(s). Detection of spliced C19MC-HG mRNA-like transcript(s) by RT--PCR using primers as indicated in [Figure 1](#F1){ref-type="fig"}B. (**D**) Schematic representation of the genomic region spanning miR-515-1 and miR-517a miRNA gene loci proposed to be transcribed by Pol-III ([@B25]). Dotted lines represent two alternative splicing events (a, b) identified by sequencing RT-PCR products using primers as indicated above exons. Other symbols are as in [Figure 1](#F1){ref-type="fig"}. (**E**) Tissue-specific expression pattern of C19MC miRNAs. Total RNA from human tissues was fractionated on a denaturing 15% acrylamide/7 M urea gel and analysed by northern blot with a mixture of ^32^P-labelled oligonucleotides antisense to mature miR-517a, miR-515-1 and miR-519a1 that have been analysed extensively by Borchert *et al*. The same membrane was probed with a 5.8S rRNA probe to control gel loading. The tissue-specific expression pattern of spliced C19MC-HG transcripts was also assayed by RT--PCR using the same set of human tissues; P, primers.

Examining orthologous loci from other primates with a dbEST BLAST search using the sequence of the human consensus repeated exon, we identified two ESTs isolated from a *Papio anubis* placenta cDNA library (FC114510 and FC115727). The 3′-end of FC114510 and the 5′-end of FC115727 overlap over 84/85 nt with a single mismatch and thus likely correspond to the same exon. Altogether, these two ESTs define 7 exons and overlap a 14 617-nt long genomic segment containing eight pre-miRNA sequences ([Figure 2](#F2){ref-type="fig"}B). These seven exons can be classified into three categories: (i) Exons III, IV and V- and the 3′-end of exon I- are highly similar to the human C19MC consensus exon we defined from BF773110. Furthermore, four highly similar sequences (IVb, Vb, Vc and VIb), not included in these two ESTs, were localized in this genomic segment, showing that a consensus exon, or exon-like sequence, precedes each pre-miRNA sequence; (ii) Exons II and VI correspond to inverted *Alu* sequences; (iii) Exon VII shows high sequence identity with 5 ESTs from the human C19MC locus, three of which are polyadenylated, leaving open the possibility that it represents the last exon of these transcripts ([Figure 2](#F2){ref-type="fig"}B).

Detection of a placenta-specific mRNA-like transcript generated at C19MC
------------------------------------------------------------------------

In order to further confirm that one or several previously undetected transcript(s) is/are generated at C19MC, we performed strand-specific RT--PCR using primers matching the consensus of the repeated exons ([Figure 1](#F1){ref-type="fig"}B). As shown in [Figure 2](#F2){ref-type="fig"}C, in agreement with the existence of spliced-, repeated exon-containing mRNA-like transcripts overlapping C19MC, a characteristic ladder-like pattern was revealed with 4 discrete bands differing by about 120 nt increments (i.e.the length of one exon). The specificity of these RT--PCR products was further confirmed by cloning and sequencing. None of them displayed any obvious open reading frame (data not shown). Surprisingly, unexpected nucleotide differences with the available human genomic sequence did not allow us to position precisely most of these spliced exons along C19MC, suggesting that either the C19MC is a highly polymorphic locus and/or that its sequence is not entirely correct. Nevertheless, as illustrated in [Figure 2](#F2){ref-type="fig"}D, the use of additional primers designed to specifically recognize selected exons unambiguously revealed alternatively spliced transcripts overlapping the miR-517a and miR-515-1 gene studied by Borchert *et al*. As observed for *P. anubis* ESTs, antisense *Alu* sequences are also included in mature transcripts, again suggesting that C19MC *Alus* are prone to exonization ([@B29]). Although their complex repeated structures are still poorly characterized (i.e. we cannot formally distinguish between a single or several transcription unit(s) and we do not know if all the repeated exons are efficiently spliced), these non-protein-coding transcripts are collectively termed C19MC-HG for C19MC Host-Gene.

We then examined the expression profile of C19MC-HG transcripts in a panel of 20 human tissues. As shown in [Figure 2](#F2){ref-type="fig"}E, bottom, C19MC-HG exhibits a strict tissue-specific expression pattern with strongest expression in the placenta, as well as weaker expression in the testes, a finding consistent with the expression pattern of ESTs matching C19MC. It is worth noting that C19MC miRNAs are also mostly, if not exclusively, detected in the placenta ([Figure 2](#F2){ref-type="fig"}E, top), strongly supporting the notion that these miRNAs derive from these placenta-specific C19MC-HG transcripts.

Active RNA polymerase II is associated with C19MC in JEG-3 cells
----------------------------------------------------------------

Because some of these observations are at odds with the notion that C19MC miRNAs are derived from Pol-III transcripts ([@B25]), we examined next Pol-II recruitment at C19MC in the choriocarcinoma (placenta) JEG3 cell line that endogenously expresses C19MC microRNAs ([Figure 3](#F3){ref-type="fig"}A, left), as well as C19MC HG (not shown). However, the steady-state level and/or the (alternative) RNA splicing of spliced C19MC-HG in JEG3 cells is/are different from that we described in the placenta, because only the shorter and most abundant PCR products are revealed by using exon-specific primers and not a characteristic ladder-like pattern as seen in placenta tissue ([Figure 2](#F2){ref-type="fig"}C). Given the complex repeated organization at C19MC, we voluntarily designed 'consensus primers' matching repeated sequences for ChIP experiments, in order to simultaneously amplify multiple miRNA gene copies in a single PCR reaction. As expected, C19MC pri-miRNA sequences were enriched for Pol-II in JEG3 but not in HeLa cells, whereas the H2B gene, used as positive control for Pol-II, was enriched in both cell lines ([Figure 3](#F3){ref-type="fig"}A, right). The specificity of these PCR products was confirmed by sequencing 41 randomly picked clones assigned to 11 different miRNA gene loci throughout C19MC ([Figure 1](#F1){ref-type="fig"}A). Although it is not expected to be exhaustive (e.g. bias during PCR due to preferential amplification of some miRNA genes is quite likely), this approach provides strong support for the involvement of Pol-II in the transcription of microRNA genes at C19MC. Figure 3.C19MC-HG as a Pol-II, pri-miRNA transcript. (**A**) Pol-II is recruited at the endogenously-expressed C19MC locus. Left: miR-515-1, miR-517a and miR-519a-1 genes are endogenously-expressed in JEG3, but not in HeLa or HEK293 cells. miRNA expression was monitored by northern blot with specific oligonucleotide probes. Note that since microRNA genes mapping to C19MC are highly related to each other, causing potential cross-hybridization, it is extremely difficult to formally demonstrate their specific expression by northern blot although stringent hybridization conditions were used. Right: ChIPs were performed in JEG3 and HeLa cells with anti-Pol-II antibodies (H14, Covance) that recognize the phosphorylated CTD serine 5. Antibodies against fibrillarin (Fib) were used as a negative control. C19MC and H2B genes (used as positive control for Pol-II) were simultaneously detected by multiplexed PCR. A representative ethidium bromide-stained agarose gel of three independent ChIPs is shown and miRNA gene loci enriched for RNA Pol-II are shown in [Figure 1](#F1){ref-type="fig"}A. (**B**) C19MC gene expression is sensitive to α-amanitin. JEG-3 cells were either treated by α-aminitin (left) or actinomycin D (right) as indicated and C19MC microRNA gene expression was assayed by northern blot using a mixture of ^32^P-labelled oligonucleotides antisense to mature miR-517a, miR-515-1 and miR-519a-1. By probing the membrane with an antisense probe to the mature miR-517 family, the same α-amanitin sensitivity was also specifically demonstrated for expression of mir-517a, one of the two C19MC microRNA genes not preceded by any (TTTT) sequence (not shown). The same membrane was also probed with a tRNA^Tyr^ and pre-tRNA^Tyr^-specific probe that recognizes introns, as well as with a snaR-A specific probe. (**C**) C19MC-HG transcripts are processed by Microprocessor. Unspliced C19MC-HG expression was monitored by RNAse A/T1 mapping with a mixture of three related ^32^P-labelled antisense riboprobes to ∼180- to 200-nt long segments of C19MC spanning the pre-miRNA and the surrounding intronic sequences of the three randomly chosen miR-518b, miR-518e and miR-523 gene loci. Left: JEG-3 cells were either treated (+) or not (−) by α-aminitin (20 μg/ml, 9 h). Right: JEG-3 cells were transiently transfected with siRNA-negative control or siRNAs directed against Drosha and DGCR8 mRNAs. HeLa cells were used as a negative control. Probe: ∼2000 c.p.m. of undigested riboprobes. H20: RNAse A/T1 mapping carried out without any RNA. At the bottom of the gel, a shorter exposure is shown for pre-miRNA signals.

miRNA gene expression at C19MC is sensitive to alpha-amanitin treatment in choriocarcinoma cell lines
-----------------------------------------------------------------------------------------------------

To further confirm the involvement of Pol-II in C19MC miRNA transcription, JEG3 cells were treated with α-amanitin at a concentration (20 μg/ml) that specifically inhibits Pol-II transcription. As shown in [Figure 3](#F3){ref-type="fig"}B, left, the level of the pre-miRNAs, but not that of the fully processed and metabolically stable microRNAs, was dramatically reduced in α-amanitin-treated cells, while the level of pre-tRNA^Tyr^ or that of snaR-A ([@B30]), used as Pol-III transcript controls, remained unchanged. As expected, the use of actinomycin D at high concentration (5 μg/ml) that rapidly block the three RNA polymerases similarly affected the steady-state level of both pre-miRNAs and unspliced pre-tRNA^Tyr^ ([Figure 3](#F3){ref-type="fig"}B, right). From these experiments, we conclude that Pol-II transcription significantly contributes to *in vivo* C19MC gene expression.

C19MC-HG transcripts are processed by the Microprocessor
--------------------------------------------------------

Given that the Microprocessor (Drosha-DGCR8) complex converts pri-miRNAs to pre-miRNAs, we reasoned that if C19MC-HG transcripts represent pri-miRNA transcripts, then their steady-state levels should increase in Microprocessor-depleted cells, as previously observed for other miRNA gene loci ([@B31; @B32; @B33]). We therefore knocked-down the Microprocessor by transiently transfecting JEG3 cells with short interfering RNA (siRNAs), previously shown to silence Drosha and DGCR8 mRNAs ([@B32],[@B33]). We then simultaneously monitored the steady-state levels of pri-miRNAs and of pre-miRNAs by RNAse A/T1 mapping. As shown in [Figure 3](#F3){ref-type="fig"}C, left, RNAse A/T1 mapping performed with total RNA extracted from JEG-3, but not from HeLa cells, revealed pre-miRNAs species migrating as the expected ∼70-nt species, as well as additional, weaker pri-miRNA signals with slower electrophoretic migration. These various RNA species, slightly shorter than the predicted fully protected RNA duplexes, might reflect the fact that C19MC-HG transcripts are short-lived RNA molecules undergoing rapid RNA decay. In addition, given the repeated organization of C19MC-HG, RNA species migrating at intermediate positions are also expected, since they might represent internally cleaved RNA products derived from imperfect RNA duplexes formed between the riboprobe and the repeated segments of C19MC with partial sequence similarity. In line with our hypothesis that C19MC-HG transcripts are processed by the Microprocessor, the steady-state level of pri-miRNA was increased in Drosha and DGCR8 depleted-cells with a pattern of protected RNA fragments notably different from that seen in control cells, while the level of pre-miRNAs was decreased as expected ([Figure 3](#F3){ref-type="fig"}C, right). The increase of the steady-state level of pri-miRNA species was further confirmed by real-time PCR (data not shown). Consistent with the fact that these protected pri-miRNA species are synthesized by Pol-II, they were not detected in α-amanitin-treated JEG3 cells ([Figure 3](#F3){ref-type="fig"}C, left). These data confirm the notion that C19MC-HG corresponds to Pol-II transcripts processed by the Microprocessor, and can therefore be considered as *bona fide* pri-miRNA transcripts from which miRNAs are derived.

DISCUSSION
==========

In this work, we show that many, if not all, C19MC microRNA genes are positioned within introns of one or several non-protein-coding transcript(s) that, after completion of (alternative) RNA splicing, consist of repeated exons as well as inverted *Alu* sequences ([Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}B, [2](#F2){ref-type="fig"}D). These novel transcripts, collectively called C19MC-HG, represent Pol-II, pri-miRNA transcripts because: (i) the overall intron--exon genomic organization is conserved among primates ([Figure 2](#F2){ref-type="fig"}A); (ii) they display the same tissue-specific expression pattern as the embedded miRNAs ([Figure 2](#F2){ref-type="fig"}E); (iii) the steady-state level of intron-containing RNA species surrounding miRNA gene loci is increased in Microprocessor-depleted cells ([Figure 3](#F3){ref-type="fig"}C); (iv) Pol-II is associated throughout C19MC in microRNA-expressing cells ([Figure 3](#F3){ref-type="fig"}A); (v) the expression of C19MC-HG is sensitive to α-amanitin ([Figure 3](#F3){ref-type="fig"}B).

microRNA gene organization at C19MC is therefore similar to that we previously described at C14MC (also referred to as the Mirg cluster), another large tandemly repeated array of microRNA genes residing at the imprinted Dlk1-Dio3 domain ([@B34; @B35; @B36]). However, despite an obvious overall similarity, i.e. repeated microRNAs processed from introns of large, non-protein-coding transcripts, these two evolutionarily distinct miRNA gene clusters differ to some extent. First, C19MC is only found in primates while C14MC appears to be conserved among eutherian species ([@B37]). Second, C19MC is particularly enriched with *Alus* ([@B25]) while C14MC lies within a genomic region depleted of *Alus* ([@B34]). Intriguingly, C19MC-encoded *Alus* are massively inserted in the antisense (minus) strand with respect to transcription of C19MC miRNA genes ([Figure 4](#F4){ref-type="fig"}A). The structural and/or functional significance of this unexpected bias, if any, is currently not understood. Third, C19MC miRNA genes, in contrast to C14MC, are found within longer sequences that are repeated. Altogether, these observations suggest a different evolutionary history for these miRNA gene cluster: *Alu*-mediated rearrangements events at C19MC might have facilitated the emergence of novel repeated miRNAs ([@B27]) while C14MC miRNAs might have arisen by tandem duplication of one or several ancestral pre-miRNA gene(s) ([@B37]). We are aware, however, that given their more ancient origin, the surrounding pre-miRNA gene sequences at C14MC might have accumulated mutations over time and therefore may no longer be detectable as repeated units. Figure 4.The C19MC microRNA-*Alu* arrangements are not consistent with robust Pol-III microRNA expression *in vivo*. (**A**) High density and strand bias of *Alu* repeat insertion at C19MC. Distribution of *Alu* repeats (histograms) and percentage of *Alus* in the minus strand (red curves) along C19MC. A 500 kb flanking either side of C19MC (the position of which is indicated as black arrow) was analysed. (**B**) Schematic representation of miRNA gene loci studied by Borchert *et al*. ([@B25]). Upstream *Alus* are indicated by boxes, with green and red boxes oriented in the sense and antisense orientations with respect to transcription of the downstream pre-miRNA genes (stem--loop structures). *Alus* have a dimeric structure with two related, but not equivalent, monomers: left (L) and right (R) arms. The A and B boxes of the internal Pol-III promoter are located in the left arm. Note that for miR-515-1 and miR-517a genes, the first correctly oriented *Alu* consists only of the right arm not expected to contain a functional Pol-III promoter. Blue and orange vertical arrows correspond to T~5~ (or T~\>5~) and T4 stretches, respectively, predicted to act as Pol-III transcriptional stop signals.

Our findings challenge a previous report that promotes the idea that C19MC microRNAs are generated by Pol-III initiating at *Alu*-derived promoters ([@B25]). Upon stress conditions, a transient and weak reactivation of some *Alus* has been described ([@B38; @B39; @B40]). Thus, one could argue that Pol-II mediated transcription generate the bulk of C19MC microRNA genes under normal condition while under certain conditions that remain to be identified, Pol-III could occasionally transcribe C19MC genes. This explanation is, however, extremely unlikely. Indeed, while *Alu* sequences might facilitate post-transcriptional regulation of C19MC-HG transcripts by promoting (alternative) RNA splicing (e.g. exonization of *Alus* as illustrated in [Figure 2](#F2){ref-type="fig"}B and D), or might have played a role in the diversification of C19MC miRNA genes in primates \[e.g. *Alu*-mediated recombination as previously discussed ([@B27])\], an involvement of *Alu*-embedded Pol-III in transcribing miRNA genes at the C19MC locus is not supported by the miRNA- *Alu* gene organization. First, the vast majority of these putative Pol-III promoters (81.7%; 211 out of 258 *Alus* annotated at UCSC version HG18, bp 58 860 000--58 962 300) are inserted in the reverse orientation with respect to the direction of transcription of the pre-miRNA genes ([Figures 1](#F1){ref-type="fig"}A and [4](#F4){ref-type="fig"}A and [4](#F4){ref-type="fig"}B). Second, even *Alus* in the correct orientation are unlikely to drive expression of miRNAs since in the vast majority of cases several Pol-III transcriptional stop signals, e.g. stretches of T~4~ ot T~5~, are found upstream of the pre-miRNA sequences. TTTT sequences are also present in 22 out of 46 pre-miRNA genes (∼48%) including within the mature sequences of miR-519a-1, miR-515-1 and miR-517c studied by Borchert *et al*. ([Figure 4](#F4){ref-type="fig"}B). In fact, only 2 out of 46 pre-miRNA genes, namely miR-517a and miR-517b, do not have any (TTTT) stretches. We are aware that, in some rare cases, Pol-III can travel through short polyT stretches. However, it is largely accepted that four or five consecutive T residues, or the related TTATT sequence, constitute a very efficient RNA Pol-III terminator ([@B41]). Accordingly, a single run of T~4~ and T~5~ terminates Pol-III transcription in 65% and 20% of the 464 human and mouse tRNA genes, respectively ([@B42]). It is also noteworthy that transcription of some *Alu* repeats can terminate at a run of only three T residues or even at atypical A-rich pol-III terminators ([@B43]). Therefore, the putative *Alu*-pre-miR-515-1 and -pre-miR-519a-1 transcripts predicted by Borchert *et al*. are unlikely to be generated *in vivo* because of the presence of 4 and 8 stretches of TTTT(T), respectively ([Figure 4](#F4){ref-type="fig"}B). In addition, their two upstream *Alus* are positioned in a reverse orientation. Assuming that the nearest correctly oriented *Alu*-embedded Pol-III promoters (located at ∼3-kb away) are functional, which has not been demonstrated, then there are ∼30 stretches of TTTT(T) between the pre-miRNA genes and the putative *Alu*-resident promoter. Third, even in the case of the miR-517a pre-miRNA gene, the presence of a functional two box (A and B) RNA Pol III promoter is questionable since the upstream annotated *Alu* (AluSg/x) only consists of the right arm of the monomer ([Figure 4](#F4){ref-type="fig"}B). Altogether, and taking into account that endogenous *Alu*-derived Pol-III promoters in their native chromatin context are extremely weak (e.g. *Alus* are usually highly methylated) and transcribed *Alu* elements rely on upstream sequences for transcription ([@B44],[@B45]), we conclude that *Alu*-pre-miRNA gene arrangements at C19MC are unlikely to confer robust and significant RNA Pol-III transcription *in vivo*. It is worth noting, however, that it does not exclude the possibility that some pre-miRNA genes located elsewhere in the genome are transcribed by Pol-III ([@B13]), or even that some *Alus* within C19MC generate short and unstable Pol-III transcripts.

Our study opens up new avenues to further investigate the evolution, genomic organization and expression at C19MC. We are aware, however, that the high density of repeated sequences at C19MC (over two-third of the 100-kb sequences) and the fact that C19MC-HG transcripts are inherently short-lived RNA species (i.e rapidly degraded by the Drosha--DGCR8 complex), renders technically challenging proof of the formal existence of a single, large pri-miRNA transcript overlapping the entire 100 kb miRNA gene cluster. As a case in point, we failed to detect any significant and reproducible RNA signals by northern blot (data not shown). Thus, we cannot formally rule out the possibility that multiple miRNA promoters dispersed within C19MC contribute to miRNA gene expression. In this regard, the two closely spaced miR-127 and miR-433 genes were recently shown to be processed from two overlapping, independent pri-miRNA transcripts ([@B46]). More sophisticated experiments are now required to further identify miRNA promoter region(s) and other *cis*-acting regulatory elements that confer the placenta-specific gene expression pattern of C19MC.
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